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ABSTRACT 

l,25(OH)2D3  increases  cell  permeability  to  calcium.  This  increase  is  not 
mediated  by  proteins  sensitive  to  cycloheximide  or  actinomycln  D  inhibition. 

We  propose  that  CaBP  may  associate  with  intracellular  membranes  and  organelles 
to  prevent  intracellular  calcium  accumulation  and  the  potential  cytotoxic 
effects  of  such  accumulation.  In  support  of  this  hypothesis,  the  amount  of 
mitochondrial  mineralization  in  chick  intestinal  cells  was  markedly  increased 
by  l,25(OH)2D3  treatment  when  CaBP  synthesis  was  simultaneously  blocked  by 
cycloheximide  treatment.  Mineral  in  membrane  vesicles  was  increased  by 
l,25(OH)2D3  treatment,  but  was  blocked  by  simultaneous  treatment  with  cyclo¬ 
heximide. 


INTRODUCTION 

The  metabolic  pathway  of  vitamin  D  has  been  extensively  studied  in  recent 
years.  Vitamin  D  is  hydroxylated  in  the  25  position  (1)  by  the  liver  (2-4) 
and  in  the  1  position  by  the  kidney  (5).  The  mechanism  of  action  of  the  re¬ 
sulting  1,25-dihydroxyvitamin  D3  [l,25(OH)2D3].  on  the  target  tissues  remains 
to  be  defined  fully,  but  several  pertinent  observations  have  been  made:  (a)  a 
cytosol-binding  protein  for  l,25(OH>2D3  has  been  reported  (6-8);  (b)  highly 
specific  binding  sites  for  l,25(OH)2D3  occur  in  the  nucleus  (9);  (c)  a  speci¬ 
fic  mRNA  for  calcium  binding  protein  (CaBP)  is  formed  in  rachitic  chick  in¬ 
testine  after  treatment  with  1,25(OH)2Dj  (10);  (d)  polyribosomes  from  1,25- 
(OH)2D3- treated  rachitic  chicks  synthesize  CaBP  (11);  and  (e)  CaBP  is  synthe¬ 
sized  in  columnar  epithelial  cells  of  intestine  of  rachitic  chicks  after 
treatment  with  l,25(OH)2D3  (12-14).  These  observations  have  led  various 
authors  (15,  16)  to  propose  models  which  hypothesize  that  these  events  lead 
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to  and  account  for  the  change  in  intestinal  calcium  transport  rate  which  also 
occurs  after  treatment  with  l,25(OH>2D3.  However,  the  following  observations 
are  not  readily  explained  by  the  current  models:  (a)  the  time  of  first  appear¬ 
ance  of  CaBP  in  intestine  does  not  precede  increased  calcium  transport  rate 
after  l,25(OH)2D3  treatment  (12,  13);  (b)  the  enhanced  rate  of  intestinal  cal¬ 
cium  transport  after  1,25(0H)2D3  treatment  dissipates  much  faster  than  the  in¬ 
duced  CaBP  (12,  13);  and  (c)  CaBP  synthesis  is  decreased  or  completely  blocked 
when  rachitic  chicks  receive  actinomycin  D  or  cycloheximide  with  l,25(OH)2l>3, 
but  such  treatment  does  not  prevent  the  increase  in  calcium  transport  across 
the  intestine  (17).  Therefore,  we  propose  a  mechanism  of  action  for  1,25- 
(OH)2D3  on  intestine  wherein  the  calcium  transport  changes  are  independent  of 
new  protein  synthesis,  or  at  least  any  protein  synthesis  which  is  blocked  by 
cycloheximide  or  actinomycin  D. 

Although  CaBP  does  not  appear  to  be  essential  for  the  intestinal  cell  to 
transport  calcium,  it  does  appear  to  be  required  to  maintain  a  low  intracellu¬ 
lar  calcium  concentration.  This  conclusion  was  reached  from  the  following  ob¬ 
servations:  (a)  treatment  of  rachitic  chicks  with  1,25(0H)2D3  resulted  in  in¬ 
creased  intracellular  accumulation  of  calcium  initially  and  prior  to  the  ap¬ 
pearance  of  CaBP  (13);  (b)  at  the  onset  of  CaBP  synthesis,  intracellular  cal¬ 
cium  accumulation  began  to  decrease  (18) ;  and  (c)  if  CaBP  synthesis  was 
blocked  by  cycloheximide  treatment,  this  decrease  did  not  occur  (18).  These 
observations  were  made  via  in  vivo  radiotracer  studies  which  did  not  address 
the  question  of  which  intestinal  cells  were  accumulating  calcium  and  where  the 
calcium  was  accumulating  in  those  cells.  The  current  study  was  designed  to: 
(a)  test  the  hypothesis  that  the  intestinal  mitochondria  are  a  major  site  of 
intracellular  calcium  accumulation,  the  extent  of  which  correlates  negatively 
with  the  presence  of  CaBP,  and  (b)  evaluate  the  influence  of  l,25(OH)2D3  and 
cycloheximide  on  mineral  content  of  other  intracellular  organelles.  Our  ap¬ 
proach  was  to  examine  mitochondrial  and  vesicle  mineralization  at  various 
sites  along  the  villus  at  18  hr  after  l,25(OH)2D3  treatment  in  the  presence  or 
absence  of  concomitant  treatment  with  cycloheximide  at  a  dosage  schedule  known 
to  block  CaBP  synthesis.  CaBP  was  present  in  absorptive  cells  along  the  en¬ 
tire  villus  18  hr  after  1,25(0H)2D3  treatment  (14), 


METHODS 


Male,  Leghorn  chicks  were  fed  a  vitamin  D- free  diet  containing  0.43%  calcium 
and  0.3%  phosphorus  from  the  time  they  were  1-day  old  until  the  17th  day.  The 
l,25(OH)2D3~treated  chicks  received  an  oral  dose  of  62.5  pmoles  of  l,25(OH)2D3 
in  0.1  ml  of  dose  carrier  and  the  control  chicks  received  only  the  carrier 
(0.2%  ethanol  in  propylene  glycol).  Cycloheximide-treated  chicks  received  an 
intraperitoneal  Injection  of  50  pg  of  cycloheximide  in  0.1  ml  propylene  glycol 
1  hr  before  and  3,  7,  11  and  17  hr  after  the  1,25(0H)2D3  or  carrier  dose. 

After  the  appropriate  treatment,  chicks  were  anesthetized  with  sodium  penta- 
barbltol,  and  a  specimen  of  intestine  was  removed  and  immediately  fixed  in  os- 
kium-pyroant imoniate  (3.75%  K2H2Sb207*4H20-1.0%  O8O4,  pH  adjusted  to  7.2  with 
acetic  acid),  a  modification  of  the  fixation  procedure  reported  by  Solomon  et 
al.  (19).  Specimens  were  fixed  for  2  hr,  washed  2  times  for  30  min  each  in 
10.0%  sucrose,  held  overnight  in  10%  sucrose,  dehydrated  by  a  graded  series  of 
ethanols  and  propylene  oxide,  and  embedded  in  epon-araldite.  Thick  sections 
(1  p)  were  stained  with  methylene  blue-azure  II  and  basic  fuchsin  to  Identify 
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the  most  optimally  oriented  villus  for  examination.  The  block  was  then 
trimmed  for  ultramicrotomy.  Thin  (gold  to  silver)  sections  were  cut  on  an 
LKB  III  ultramicrotome,  collected  on  formvar-coated  slot  grids,  and  photo¬ 
graphed  through  a  Hitachi  model  HS-8F-2  electron  microscope  at  an  accelerating 
voltage  of  50  kv.  Overlapping  low  magnification  (1000  X)  photomicrographs 
were  used  to  construct  a  composite  picture  of  the  villus  in  order  to  measure 
the  distance  from  the  muscularis  mucosa  to  the  site  of  mitochondrial  examina¬ 
tion.  Photomicrographs  taken  at  4,600  X  magnification  were  enlarged  and 
printed  at  a  final  magnification  of  26,154  X  to  count  the  number  of  mineral¬ 
ized  granules  within  mitochondria  and  the  number  of  mitochondrial  cross-sec¬ 
tions  (approximately  100/slte)  at  the  site.  The  average  number  of  granules 
per  mitochondrion  was  derived  by  pooling  the  data  for  sites  along  the  villus 
distal  to  the  crypt  region.  One  villus  was  evaluated  from  three  chicks  in 
each  treatment  group. 

The  number  of  intracellular  membrane  vesicles  which  contained  fine  granular 
precipitate  was  evaluated  at  each  of  the  sites  for  mitochondrial  mineraliza¬ 
tion  (Fig.  2C) .  Vesicles  which  lacked  the  precipitate  were  not  included  in 
the  count.  No  attempt  was  made  to  evaluate  the  quantity  of  mineral  in  a  given 
vesicle.  The  average  number  of  mineral-containing  vesicles  was  determined  for 
each  specimen. 

The  significance  of  treatment  effects  was  evaluated  by  using  the  Student's 
t  test. 


RESULTS 

The  mitochondria  in  the  cells  located  in  the  crypt  region  were  heavily  mine¬ 
ralized  in  all  four  treatment  groups.  Thus,  it  was  necessary  to  eliminate 
those  sites  from  the  analysis  to  avoid  masking  of  the  treatment  effects  on 
sites  along  the  villus. 

The  mitochondrial  response  is  illustrated  in  Fig.  1,  The  number  of  mito¬ 
chondrial  cross-sections  observed  along  various  villi  ranged  from  550  to  3598. 
The  number  of  electron-dense  granules  per  mitochondrial  cross-section  did  not 
differ  significantly  (P  >  0.05)  in  villi  from  untreated  chicks,  and  those 
treated  with  l,25(OH)2D3  or  treated  with  cycloheximide  alone.  However,  mito¬ 
chondrial  mineralization  was  markedly  increased  (P  <  0.05)  in  chicks  treated 
with  combined  l,25(OH)2D3  and  cycloheximide  when  compared  to  either  treatment 
alone.  A  representative  mid-villus  site  from  each  of  the  four  treatment 
groups  is  shown  in  Fig.  2. 

The  influence  of  the  treatments  on  vesicle  mineralization  is  illustrated  in 
Fig.  3.  The  number  of  mineral-containing  vesicles  per  site  did  not  differ 
significantly  in  villi  from  untreated  chicks,  chicks  treated  with  cyclohexi¬ 
mide  only  and  chicks  treated  with  cycloheximide  and  l,25(OH)2l>3  (P  <  0.05). 

In  contrast,  there  was  a  marked  increase  in  mineralized  vesicles  in  the  villi 
from  chicks  treated  with  1,25(0H)2D3  alone  when  compared  to  the  other  groups 
(P  <  0.025).  - -  ' 
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FIG.  1.  Mitochondrial  mineralization  in  the  epithelial  cells  of 
intestinal  villi  18  hr  after  treatment  with  carrier  vehicles  only, 
cycloheximlde  only,  l,25(OH>2D3  only  or  both  cyclohexlmide  and 
l,25(OH)2D3.  Means  +  SE  of  the  mean  for  the  3  chicks  are  shown. 
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FIG.  2.  Epithelial  cells  of  intestinal  villi  18  hr  after  treatment  with  car¬ 
rier  vehicles  only  (A),  cycloheximide  only  (B) ,  l,25(OH)2D3  only  (C)  or  com¬ 
bined  cycloheximide  and  l,25(OH>2D3  (D) .  Mitochondria  (MITO) ,  membrane 
vesicles  (VES)  and  mineral  granules  (gr)  are  indicated. 
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FIG.  3.  Mineral  content  of  membrane  vesicles  In  the  epithelial  cells 
of  intestinal  villi  18  hr  after  treatment  with  carrier  vehicles  only, 
cyclohexlmide  only,  l,25(OH)2D3  only  or  combined  cycloheximide  and 
l,25(OH)2D3.  Means  +  SE  of  the  mean  for  the  3  chicks  are  shown. 


DISCUSSION 


Morphologic  techniques  such  as  electron  probe  analysis  (20),  electron 
microscopy  coupled  with  microincineration  (21),  autoradiography  (21)  and  pyro- 
antimony  precipitation  techniques  (22)  have  been  used  to  demonstrate  increased 
movement  of  calcium  into  intestinal  epithelial  cells  after  vitamin  D  treat¬ 
ment.  In  vitro  radiotracer  techniques  (23)  have  further  revealed  increased 
accumulation  of  calcium  after  treatment  with  vitamin  D.  However,  the  response 
is  time-dependent  when  l,25(OH)2D3  is  used  to  stimulate  calcium  absorption  and 
calcium  accumulation  is  evaluated  by  in  vivo  radiotracer  techniques  (13,  18). 
The  hypothesis  of  the  present  study  could  not  be  tested  as  effectively  at  a 
time  when  intracellular  accumulation  was  increased  by  l,25(OH)2D3.  With  this 
in  mind,  we  selected  the  18-hr  time  in  this  study.  Thus,  we  do  not  interpret 
our  results  to  be  in  conflict  with  the  earlier  studies  which  demonstrate  in¬ 
creased  calcium  accumulation  after  vitamin  D  treatment. 

The  marked  elevation  of  mineral  in  membrane  vesicles  18  hr  after  treatment 
with  l,25(OH)2D3  (Fig.  3)  infers  that  the  drug  increased  calcium  flux  into 
vesicles.  However,  this  action  of  l,25(OH)2D3  was  inhibited  by  cycloheximide 
(Fig.  3)  and  thus  was  apparently  not  a  direct  effect,  but  rather  one  that  was 
mediated  via  synthesis  of  CaBP  or  some  other  as  yet  undefined  l,25(OH)2D3~ 
induced  protein.  The  increased  number  of  mineral-containing  vesicles  at  a 
time  after  l,25(OH)2D3  treatment  when  total  intracellular  calcium  has  re¬ 
turned  to  normal  (18)  indicates  that  the  size  of  the  vesicular  calcium  pool 
must  be  quite  small  relative  to  the  quantity  of  calcium  that  mitochondria  can 
accumulate.  A  potential  difference  in  calcium  pool  size  at  the  two  sites  is 
further  suggested  by  the  nature  of  the  precipitate  in  the  respective  sites. 

The  precipitate  in  mitochondria  occurred  as  discrete,  relatively  large  gran¬ 
ules  consistent  with  in  vivo  precipitation  while  that  in  vesicles  occurred  as 
a  more  diffuse,  fine  precipitate  consistent  with  precipitation  of  soluble  or 
protein-bound  calcium  by  the  pyroantimoniate  during  tissue  fixation.  The 
effect  of  l,25(OH)2D3  with  and  without  cycloheximide  treatment  on  mitochon¬ 
drial  mineralization  was  the  inverse  of  the  effect  on  mineral  content  of 
vesicles.  Combined  treatment  with  l,25(OH)2D3  and  cycloheximide  resulted  in 
considerably  more  mitochondrial  mineralization  (Fig.  3)  compared  to  either 
treatment  alone.  Thus,  the  effect  of  l,25(OH)2D3  on  mitochondrial  minerali¬ 
zation  was  either  direct,  a  consequence  of  increased  permeability  of  the 
plasma  membrane  to  calcium,  or  a  combination  of  the  two  possibilities. 

A  model  is  presented  as  Fig.  4  to  represent  the  actions  of  l,25(OH)2D3  on 
the  intestinal  epithelial  cell.  The  major  concepts  added  to  previous  models 
include  the  following:  (a)  An  effect  of  l,25(OH)2D3  on  the  mRNA  for  alkaline 
phosphatase  is  supported  by  the  observation  that  actinomycin  D  additively 
enhanced  the  alkaline  phosphatase  response  to  l,25(OH)2D3  rather  than  inhi¬ 
biting  it  (17).  (b)  An  effect  of  l,25(OH)2l>3  on  the  membrane  that  is  inde¬ 

pendent  of  protein  synthesis  is  supported  by  the  observation  that  cyclohexi¬ 
mide  did  not  block  calcium  transport  at  treatment  dosages  which  completely 
blocked  CaBP  synthesis  (18).  (c)  A  role  of  CaBP  in  prevention  of  intracellu¬ 

lar  calcium  accumulation  by  either  preventing  its  mitochondrial  accumulation 
or  enhancing  its  removal  from  mitochondria  is  supported  by  the  observations 
reported  herein.  Also,  in  vivo  radiotracer  studies  have  shown  that  l,25(OH)2~ 
D3  increased  the  intracellular  accumulation  of  calcium  initially,  but  at  the 
onset  of  CaBP  synthesis,  calcium  accumulation  began  to  decrease.  If  CaBP  syn- 
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thesis  was  blocked,  the  expected  decrease  in  intracellular  calcium  accumula¬ 
tion  did  not  occur  (18).  Such  a  role  is  also  supported  by  in  vitro  studies 
which  showed  that  CaBP  caused  release  of  calcium  from  mitochondria  and  dimin¬ 
ished  its  uptake  by  mitochondria  (24),  and  (d)  A  possible  role  for  CaBP  in  the 
enhancement  of  membrane  vesicle  calcium  uptake  is  supported  by  the  observation 
that  cycloheximide  blocked  the  increased  vesicle  calcium  content  that  occurred 
after  l,25(OH)2l>3  treatment. 


FIG.  4.  Proposed  model  to  represent  the  actions  of  l,25(OH)2l>3  on  the  V 

intestinal  epithelial  cell.  Three  distinct  actions  of  l,25(OH)2D3 
proposed  are:  (1)  enhances  synthesis  of  alkaline  phosphatase  (Aik. 

Pase)  from  preexistent  mRNA,  (2)  induction  of  mRNA  for  CaBP,  and  (3)  a 
direct  or  cytosol-mediated  effect  on  membrane  permeability  to  calcium 
that  is  independent  of  new  protein  synthesis.  We  propose  that  CaBP 
either  prevents  calcium  from  associating  with  mitochondria  or  enhances 
calcium  dissociation  from  mitochondria  (M.C.)  and  enhances  calcium 
uptake  by  membrane  vesicles.  The  circles  inside  the  mitochondria 
represent  mineralization  granules. 

Although  this  model  takes  into  account  several  recent  observations,  it  does 
not  fully  explain  how  l,25(OH)2D3  alters  the  calcium  transport  rate  of  intes¬ 
tinal  absorptive  cells.  However,  we  propose  the  following  sequence  of  events: 

(a)  the  initial  intestinal  response  to  l,25(OH)2D3  may  be  an  increase  in  cell 
permeability  to  calcium  by  an  unknown  mechanism  that  is  independent  of  de  novo 
protein  synthesis;  (b)  this  increased  permeability  may  result  in  increased 
cytosol  concentration  and  thus  Increased  availability  of  ionic  calcium  to  a 
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pump  in  the  basal  border  of  the  cell;  (c)  in  the  absence  of  CaBP  the  1,25- 
(OH)2D3_mediated  increase  in  cytosol  calcium  concentration  may  result  in  its 
accumulation  in  mitochondria  to  protect  intracytoplasmic  organelles  from  its 
toxic  effects.  When  CaBP  is  present  it  may  prevent  calcium  from  associating 
with  mitochondria  or  enhance  its  dissociation  from  them  by  either  direct  ef¬ 
fect  on  the  mitochondria  or  by  lowering  the  cytosol  concentration  via  enhanced 
uptake  by  membrane  vesicles  which  later  excrete  their  product  at  the  basal- 
lateral  cell  border.  CaBP  may  also  have  some  specific  effect  on  the  basal  and 
lateral  cell  borders  to  enhance  the  removal  of  calcium  from  the  cell  and  spare 
the  requirement  for  ATP  expenditure  and  sodium  entry  into  the  cell.  This  pos¬ 
sibility  is  supported  to  some  extent  by  the  observation  that  CaBP  is  secreted 
into  the  blood  from  intestine  (25) .  Secretion  of  CaBP  into  blood  during  cal¬ 
cium  absorption  suggests  that  CaBP  may  be  present  inside  the  vesicles.  How¬ 
ever,  the  nonessentiality  of  CaBP  for  increased  calcium  transport  rate  argues 
against  this  mechanism  being  responsible  for  the  initial  increase  in  cell  per¬ 
meability  to  calcium.  The  calcium  permeability  changes  may  be  brought  about 
by  other  vitamin  D-induced  proteins  (26),  but  such  proteins  would  have  to  be 
unaffected  by  cycloheximide  and  actinomycin  D. 

Of  critical  importance  to  the  eventual  definition  of  the  mechanism  of 
l,25(OH)2D3-stimulated  calcium  transport  will  be  the  morphologic  and/or  com¬ 
positional  changes  in  membrane  associated  with  altered  calcium  permeability. 
More  precise  intracellular  localization  of  CaBP  will  be  very  helpful  to  dis¬ 
cern  its  biological  function. 
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